Here, we focus on how size homeostasis is achieved in proliferating cells, that is, the coordination of cell growth and division. It is clear that this coordination is an active process in a great variety of unicellular organisms ranging from bacteria to protists. Indeed, the highly diverged budding and fission yeasts each possess specific regulatory networks dedicated to converting the accrual of sufficient biomass into a stimulus for cell cycle progression. Just how cells
Here, we focus on how size homeostasis is achieved in proliferating cells, that is, the coordination of cell growth and division. It is clear that this coordination is an active process in a great variety of unicellular organisms ranging from bacteria to protists. Indeed, the highly diverged budding and fission yeasts each possess specific regulatory networks dedicated to converting the accrual of sufficient biomass into a stimulus for cell cycle progression. Just how cells convert steady increases in size into a switch-like decision to enter the cell cycle is a fascinating question in biological engineering. While it is clear that cell growth and division must be correlated in metazoans, it remains a contentious issue whether such cells actively and cell-autonomously couple growth and division. Size control has inspired much research over the past century, yet, relative to other aspects of cell biology, this problem has been recalcitrant to conventional genetics and biochemistry.
In thinking about cell size control, it is important to distinguish cell growth, the cell cycle, and the mechanisms that coordinate the two. As it is still not certain whether cells measure volume, mass, and/or biosynthetic capacity, we use the general term 'size' as a catch-all descriptor. Biosynthetic activity obviously drives increases in cell size, and, in the absence of division, it is reasonable to view cell size as the sum of past cell growth. Cell size can also be altered by osmotic pressure or by autophagy, but for the sake of brevity we ignore these effects here.
Trends in Cell Size Homeostasis
"The constant, which we must accept as something given and not at present further analyzable, is the fixed proportion between nuclear volume and protoplasmic volume, namely, the karyoplasmic ratio." -Theodor Boveri, 1905 [2] . Despite constantly growing and dividing, there is usually a limited and stereotypical size variation for any given cell over successive generations. Correspondingly, proliferating cell populations show characteristic size distributions. When the normal size distribution is disrupted by some insult, it is usually restored quickly following removal of the insult, further suggesting that cell size is under homeostatic control [10, 11] . At its most basic level, cell size homeostasis in proliferating cells requires a coordination of growth with division, such that on average each cell division is accompanied by a doubling in cell mass. In post-mitotic cells, such as neurons, the maintenance of cell size requires that no net cell growth occurs.
Although exceptions are common, a few general trends concerning cell size control can be inferred. The most established, but least well understood, trend is that cell volume increases with ploidy. This correlation has been observed in a wide variety of eukaryotic cells from yeast to mice [2, [12] [13] [14] [15] [16] . On an organismal level, developmental processes can be incredibly robust when challenged with altered cell volume ( Figure 1A ) [16] [17] [18] . Increased ploidy could exert its effects by increasing nuclear volume, chromatin content, or the expression of unknown genes, any one of which might provide a metric against which cytoplasmic volume is somehow measured. Ploidy increases are apparently required to prevent genomic DNA from becoming limiting for cell growth [19] . In [63] . Protein synthesis rate is thought to be relayed to the cell cycle by unstable 'translational sizers', whose abundance reports translation rates and whose activity is rate-limiting for cell cycle transitions (see Box 1). In E. coli, the activated form of the replication initation factor DnaA appears to be such a translational sizer [8] . In eukaryotic cells, cyclins, which combine with cyclin-dependent kinases (CDKs) to drive cell cycle transitions, and other CDK activators, like the Cdc25 phosphatase, have been proposed to be translational sizers [4] .
A Good Place to Start: Budding Yeast
The importance of cell size control is particularly obvious in the budding yeast Saccharomyces cerevisiae. Cytokinesis is asymmetric with respect to cell mass, producing a large mother cell and a smaller daughter cell. As defined by Hartwell [64] and colleagues, coordination between cell growth and the cell cycle occurs at Start, a short interval in late G1 phase during which the yeast commits to division. Passing Start requires that cells first obtain a critical cell size, such that large mother cells traverse a minimal G1 phase while small daughter cells spend a long time in G1 phase growing to the threshold size [31,65]. Although ipso facto larger than the critical cell size, mother cells do arrest prior to Start in response to nutrient starvation, mating pheromones, or translation deficiencies [63, 65] . Following Start, the cell cycle progresses until the subsequent G1 phase even if cells are subjected to nutrient starvation, mating pheromones (if haploid), and signals that initiate meiosis (if diploid) [64] . Therefore, in addition to maintaining average size over the generations, the size requirement at Start ensures that the yeast possesses enough resources to complete the crucial processes of genome duplication and segregation.
Start is a series of events that culminate in S phase entry (Figure 3) . The earliest known Start event is the onset of transcriptional activation by the SBF (Swi4-Swi6) and MBF (Mbp1-Swi6) complexes, which drive expression of ~200 genes [66] . This regulon contains numerous genes involved in DNA synthesis and repair, but the key transcripts are the G1 cyclins CLN1 and CLN2 and the B-type cyclins CLB5 and CLB6 [67] . Cln1 and Cln2 bind to and activate Cdc28, the primary CDK that controls cell cycle progression in budding yeast. Cln1/2-Cdc28 complexes trigger bud emergence and inactivate Sic1 and Cdh1, two key inhibitors of Clb-Cdc28 activity [198, 199] . There is an important distinction to be made between the overall translation rate and the translation rate per ribosome or ribosome activity. It is overall translation rates that correlate with cell size, not ribosome activity. important requirement of this model is that the nuclear volume remains constant during G1 phase, because the nuclear volume would be the metric against which the protein synthetic rate is measured. It has recently been observed, however, that nuclear volume increases as cells grow during G1 phase, such that the nucleo-cytoplasmic volume ratio does not appreciably decrease prior to Start [101] (P.J., M.T., B. Futcher, in preparation). This unexpected result undermines simple models that connect cell size to Cln3 translation. More complex models, such as Whi3-dependent control of Cln3-Cdc28 nuclear localization, must, therefore, be considered [102] . It must also be remembered that despite the well deserved attention it has received, CLN3 is not essential and cells lacking this gene do eventually pass Start.
B

Supersized: Nutrient Modulation of Critical Cell Size
The critical size threshold is large for budding yeast growing in rich nutrients and small for those grown in poor nutrients [103] [104] [105] . Such nutrient modulation of size thresholds was first characterized in fission yeast [106] , but hints had been observed earlier in budding yeast [107, 108] . Given that overall translation rates appear to report cell size to the Start machinery and that yeast growing in rich nutrient conditions have higher ribosome concentrations [89] , one might naively expect that yeast growing in rich nutrients would achieve the critical translation rate (and pass Start) with less cell volume than yeast growing in poor nutrients. Because the opposite is true, the existence of a powerful nutrient repression of Start is inferred. As the threshold is reset very quickly [ Figure 4) [37,106,127] .
The reason why fission yeast reared in poor nutrient sources are smaller as they exit from mitosis is that the critical cell size threshold prior to G2/M is elastic and greatly reduced in poor nutrient sources [106] . The lengthening of the G1 phase in poor nutrients is advantageous, because it allows time for an important response to starvation, i.e. the mating of two G1 phase cells and the subsequent meiosis and generation of resilient spores [106, 130] . In contrast, rapidly proliferating fission yeast spend the majority of their time in G2 phase, presumably because the preferred haploid state has co-selected for repair of DNA damage in G2 when a sister chromatid template is present [126] . Therefore, the modulation of cell size thresholds allows the fission yeast to tune its cell cycle to the environment.
The wee1 and wee2/cdc2-1w mutations proved crucial in elucidating the molecular basis for the G2/M transition in fission yeast, a process that is highly conserved in eukaryotic cells [130] . In brief, control of the G2/M transition centers around the phosphorylation status of a conserved tyrosine (Tyr15) on Cdc2, the homolog of budding yeast Cdc28 [4, 130] . wee2 is a hypermorphic allele of cdc2 + , while wee1 + encodes a protein kinase that phosphorylates and inhibits Cdc2, thus preventing the Cdc13-Cdc2 [147] . Entry into S phase is thus likely to be the point at which the size requirement is imposed, at least in these cell types.
In many metazoan cell types, growth can be uncoupled from the cell cycle. For instance, glial growth factor (GGF) propels cultured Schwann cells through the cell cycle but does not increase growth rates [35] . Similarly, S phase entry can occur without mass accumulation, as when platelet derived growth factor (PDGF) is added to Swiss-3T3 cells [146, 147] . In these contexts, GGF and PDGF are strictly mitogens, as they stimulate cell cycle progression but not growth [3] . This has led to the proposal that in metazoans the extent of cell growth and the length of the cell cycle are only correlated, due to the maintenance of presumably quite stable extracellular concentrations of growth factors and mitogens (Figure 2A) . Such 'correlative models' contrast with cell-autonomous mechanisms that actively couple cell growth and division, as in yeast. The existence of mitogens is, nevertheless, compatible with the existence of cell-autonomous size control. Similar to the effect of poor nutrients on yeast, mitogens could decrease a hypothetical critical cell size threshold. Alternatively, mitogens might simply override cell-autonomous controls.
Much of the cell proliferation that takes place during development leads to progressive alterations in cell size and is often completely uncoupled from cell growth (Figure 2A) That size control in at least some metazoan cell types is essentially similar to that in yeast has been demonstrated recently with avian erythroblast and mouse mesenchymal fibroblast cell lines [52] . Threshold size requirements were established by demonstrating that cell overgrowth caused by retarding S phase abbreviated the subsequent G1 phase; interestingly, the G1 phase could only be shortened so far that even cells born above the critical cell size spent 5-6 h in G1 phase. This finding is in keeping with a size-independent component being present in G1 phase [61, 147, 153] . Intriguingly, avian erythroblasts were also similar to yeast in that their critical cell size requirement was proportional to their growth rate [52] . Switching between two growth factor regimes led to a rapid re-adjustment of cell size over one or two cell divisions, just as in yeast.
An alternative mechanism to couple growth and division in metazoan cells is the intertwining of the two processes (Figure 2A Importantly, continuous ribosome biogenesis is essential for the G1/S transition in mouse and human cells, even in the presence of high translation rates and sufficient cell size [162, 163] . Upon conditional deletion of the ribosomal S6 protein in the mouse, hepatocytes were able to re-grow after starvation using their existing pool of ribosomes, but upon partial hepatectomy could not enter S phase [162] . Similarly, induction of a dominant negative form of the ribosome biogenesis factor Bop1 in tissue culture cells caused a p53-dependent G1 phase arrest without affecting translation rates [163] . Furthermore, the Arf tumor suppressor, a critical activator of p53, inhibits rRNA processing [164] . In a radical departure from traditional models of p53 function, it has been proposed that all stresses that stabilize and activate p53 do so by disrupting the nucleolus, and presumably ribosome biogenesis [165] . Similar relations between growth regulation and critical cell size thresholds may exist in vertebrate cells. As mentioned above, the critical cell size requirement at the G1/S transition of avian erythroblasts may be set higher in cells with vigorous growth factor signaling [52] . Similarly, in human epitheliod cells, far less mass was required to divide in 0.03% serum as opposed to 30% serum, a result interpretable as evidence of a flexible size threshold [182] . Remarkably, mice heterozygous for a hypomorphic and null allele of Pdk1, which encodes an upstream activator of Akt, are 35-50% smaller than wild-type mice [183] . This phenotype appears to be due to decreased cell size. When mouse embryonic fibroblasts (MEFs) were isolated from these heterozygotes, the cultured cells were ~35% smaller than wild-type but proliferated at the same rate [183] 
No Small Problem
Although a sophisticated model of the eukaryotic cell cycle has been constructed, cell growth and cell size remain relatively understudied phenomena [3] . One fundamental restraint on the growth of cells is their translational capacity and hence the number of ribosomes they possess [185] . Ribosome synthesis, which can be viewed as a growing cell's investment in future growth, dominates a growing cell's economy, accounting for more than 50% of total transcription in budding yeast and mammalian cells [88, 186] . The mechanisms that control ribosome production in response to growth factors are highly complex and need much further exploration [187] . Given its central role in cell growth, it is perhaps not surprising that ribosome biogenesis also regulates cell size, the cell cycle, and responses to stress [78, 122,123,155,162,163,165,188] . Mapping the pathways that converge on and emanate from ribosome biogenesis will be crucial to understanding how growth is coupled to division.
The highly complex nature of cell size control will ultimately require mathematical modeling. Indeed, there is a long history of modeling cell size, particularly as an aspect of the cell cycle [12, [189] [190] [191] . Rather than just viewing cell growth as a single parameter within the cell cycle, however, dedicated size models could incorporate variables such as division rates, ribosome biogensis rate, metabolic flux, nuclear and nucleolar volume, and critical cell size setpoints. All of these parameters must be subject to stochastic variation, especially as it is not clear how accurate sizing mechanisms really are, even in the well characterized budding and fission yeast. Within limits, cell volume and critical cell volume do vary considerably and there is no reason to think that size homeostatic mechanisms are, or need to be, blindingly accurate [24, 152, 192] . Sloppiness should not, however, be mistaken for lack of control [11] .
Discovering the mechanisms that couple cell growth and division will continue to challenge the experimentalist and the theoretician alike. Cell size is easily influenced: systematic analysis has shown that more than 10% of the viable deletion mutants in budding yeast exhibit notable cell size defects, though most of these genes do not control Start [78, 79] . The lack of sustained study of size thresholds in a single mammalian cell type has precluded a focused molecular examination of the potential coupling mechanism(s). Systematic analyses of cell size responses to RNAi knockdown of gene function promise to identify many new regulators, as demonstrated recently in Drosophila tissue culture cells [193] . Lymphocytes would seem to be an excellent system for a sustained analysis of mammalian cell growth and size [57, 194] .
A broad survey of metazoan cell types to discover the pervasiveness of critical cell size thresholds and alternative size control methods is also in order 
